(C) Activity of one neuron during pursuit trials. From top, the stack of records shows eye position from one trial, raster display of neuron responses from trials during which the target stimulus appeared within the response field, raster display from trials with the distractor in the response field, and the average firing rates for target (black) and distractor (gray) trials, shown as a spike density function. All records are aligned with respect to target and distractor appearance, defined as 0 ms. (D) Activity of same neuron as in (C), but from interleaved saccade trials. We attribute the slightly lower activity during saccades than during pursuit to the fact that the target location was slightly beyond the exact center of the neuron's response field; hence, on pursuit trials, the target moved through the center of the response field and elicited higher activity.
Buildup neurons in the rostral SC exhibited a preferthe neuronal activity on the initiation of the monkey's eye movements. For example, Figure 2 shows the same ence for target over distractor stimuli, for both pursuit ( Figure 1C ) and saccades ( Figure 1D ). Initially (75-150 data for the neuron illustrated in Figure 1 , but temporally realigned with respect to the onset of pursuit (Figure ms after stimulus onset), neurons exhibited changes in activity that did not depend on the identity of the stimu-2A) and saccades ( Figure 2B ). As indicated by the separation of the spike density functions prior to movement lus in the RF, as indicated by the early superposition of the spike density functions from target (black) and onset, the elevated activity for target stimuli preceded the initiation of both pursuit and saccades. We found distractor (gray) trials. Later (150-250 ms), neurons showed elevated activity if the stimulus in the RF was similar differences in activity prior to movement onset in many, but not all of our neurons. Activity in the 50 ms a target and depressed activity if the stimulus in the RF was a distractor. We observed this delayed selectivity interval immediately preceding movement onset was significantly higher for target than for distractor stimuli for target stimuli across our sample of buildup neurons recorded in the rostral SC (n ϭ 83). Activity later in the (Wilcoxon rank sum test, p Ͻ 0.05) for 36% of the neurons on pursuit trials (30/83) and 66% of the neurons trial (200-250 ms) tended to be significantly higher for target than for distractor stimuli; we found a significant (55/83) on saccade trials. Is this selective activity large enough and does it occur difference (Wilcoxon rank sum test, p Ͻ 0.05) during this interval for most neurons during pursuit (66%, 55/83) soon enough to guide the launching of both pursuit and saccade eye movements? To address this question, we and saccades (82%, 68/83). In contrast, activity during the initial period (100-150 ms) generally did not show a adopted the perspective of a hypothetical monitor that read the activity of our SC neurons. Because movement difference; only a minority of neurons showed a significant difference during this interval (5/83 and 7/83 for choices must be made on each trial, this monitor could not accumulate information from a single neuron over pursuit and saccades, respectively).
To evaluate the temporal relationship between the many trials, as is typically assumed in analyses of neuronal data (e.g., Figures 1 and 2) . However, it could pool neural events and the behavioral response, we aligned information from many SC neurons, and it is known that tions of firing rates ( Figure 3C ) and measured the area under each ROC curve for each millisecond during the information about eye movements is represented in the SC by activity distributed across a large population of course of the reconstructed trial ( Figure 3D ). The ROC area fluctuated around a value of 0.5 (solid line in Figure  neurons (Lee et al., 1988) . We therefore estimated the population activity we might have observed if we had 3D) in the interval prior to the presentation of the two visual stimuli (Ϫ100 to 0 ms), as might be expected been able to study each of the neurons in our sample at the same time on single trials.
because the baseline firing rates of the neurons and antineurons were essentially identical. However, the For this Monte Carlo analysis, we compared the activity of "neurons" representing the target location to the ROC area remained near 0.5 even after the firing rates increased (50 to 150 ms), because the firing rates for activity of "antineurons" (Britten et al., 1992) representing the alternative, distractor location ( Figure 3A) . The the two populations initially increased in a similar manner. The ROC area increased only after the firing rates populations of neurons and antineurons were constructed by randomly selecting one spike train from the reached their peaks, because the activity of the antineurons decreased faster than the activity of the neurons, set of data recorded from each of our neurons. Spike trains from trials in which a target stimulus was located perhaps as the result of a competitive interaction or a delayed inhibitory input. in the RF contributed to the population of neurons; spike trains from distractor trials contributed to the population To test whether the ROC area from the reconstructed population firing rates could predict the monkey's purof antineurons ( Figure 3B ). The histograms in Figure  3C show the average firing rates for the population of suit and saccade choices, we tested two simple decision rules. The first rule was time-based-we assumed that neurons (black) and antineurons (gray) obtained after one random sampling of spike trains from pursuit trials. the choice involved waiting until a particular time and that the selection of the target was determined by the These records reconstruct the activity we might have observed if we had recorded from buildup neurons in value of ROC area at that time point. For example, in the sample trial shown in Figure 3D , choices made beboth SC simultaneously during a single pursuit trial. The preference for target over distractor stimuli is less drafore 100 ms would fluctuate between the two stimuli, but choices made after 150 ms would all be in favor matic for the population average than for the sample neuron (Figures 1 and 2 ), because these averages inof the target stimulus. The second rule was criterion based-here we assumed that the choice involved waitclude activity from every neuron, even those with poor selectivity. The reconstructed activity is therefore based ing for a criterion difference in activity between the two populations. With this rule, the timing of the movement on the conservative assumption that the downstream monitor does not know which neurons are selective for would be predicted by when the ROC area deviated from chance (0.5) by some criterion amount, and the the target, but only knows the locations represented by the neurons. sign of this deviation would predict the target of the movement. For example, in the sample trial ( Figure 3D ) We then tested whether this reconstructed population activity could predict the monkey's target choices. We the ROC area reached the upper criterion (dotted line) at approximately 150 ms after stimulus onset, predicting constructed receiver operating characteristic (ROC) curves at each time point based upon the two distribua correct choice in favor of the target stimulus. activity was aligned with respect to movement onset ( Figures 4C and 4D) , the predicted performance improved from chance more than 100 ms before movement onset; predicted performance was perfect at saccade To compare the predictions of these decision rules to the observed behavior, we used a bootstrap method onset (100% correct) and almost perfect at the time of pursuit onset (97% correct). to generate many reconstructed trials and many predicted choices. The traces in Figure 4 show the results
To test the criterion-based rule, we applied a range of criteria to the ROC areas from the reconstructed purfrom 1000 pursuit trials ( Figures 4A and 4C ) and 1000 saccade trials (Figures 4B and 4D) . The top traces in suit and saccade trials. Because this decision rule involves waiting for a criterion change in ROC area after each panel show the average ROC areas as a function of time (thin lines indicate 1 SD), and the lower traces the appearance of the target and distractor stimuli, we applied it only to the neuronal data aligned with respect show the time-dependent performance predicted (% correct) by applying the time-based decision rule to to stimulus onset. As might be expected, the choice of criterion had a large effect on the accuracy (% correct), the ROC areas from each of the 1000 reconstructed sion criteria of 0.57 for pursuit and 0.69 for saccades. Taking into account the ‫01ف‬ ms transmission delay between activity in the SC and the onset of eye movements (Miyashita and Hikosaka, 1996) , these criteria predicted average latencies of 179 and 196 ms for pursuit and saccades, respectively. These values were statistically indistinguishable from the observed latencies (ANOVA F(1,6493) ϭ 0.48, p ϭ 0.49, pursuit; F(1,5274) ϭ 0.05, p ϭ 0.83, saccades). Our analysis of neuronal activity aligned with respect to movement onset ( Figures 4C  and 4D ) allowed us to cross-validate this difference in decision criteria between pursuit and saccades. The average ROC area 10 ms before movement onset had a value of 0.55 for pursuit and 0.68 for saccades, indicating that the decision criteria for pursuit and saccades were not simply values arbitrarily chosen to match the observed latencies, but were measures of the difference in activity between the two population of SC neurons just prior to the onset of the two movements.
The criteria that matched the observed latencies corresponded to different points along the predicted speed-accuracy curves for pursuit and saccades. The placement of the criterion for pursuit at the shoulder of Figures 5C and 5D) increased smoothly from zero toward target velocity varied as a function of criterion. Plotting these timing and (gray traces). However, on a small minority of trials, accuracy results against each other shows the predicted pursuit eye velocity started in the wrong direction speed-accuracy tradeoffs that would be expected if the (arrows) before reversing and increasing toward target choices were made by applying a criterion-based rule velocity (black traces). Across our entire data set (n ϭ to the activity of these neurons (black lines in Figures  5198 pursuit trials) , we estimate that this type of initial 5E and 5F). For lower criteria (close to 0.5), pursuit and pursuit error occurred on 212, or 4%, of the trials (see saccade choices were largely determined by chance Experimental Procedures). As with all of our pursuit data, fluctuations in ROC area, resulting in quick choices (Ͻ50 these changes in eye velocity occurred in the absence ms) but low accuracy ‫%05ف(‬ correct). For higher criteria, of any corrective saccades, as illustrated by the traces of the outcome was less affected by noise, resulting in eye velocity from individual trials ( Figure 6A ). However, higher accuracy but later choice times. Comparison of because the eye accelerated more rapidly on error trials the results from the criterion-based rule to those from than on correct trials (compare the slopes of the gray the time-based rule (gray traces in Figures 5E and 5F ) and black traces of average velocity in Figure 6B ), eye shows that the criterion-based rule generally predicted speed reached target speed at about the same time on higher accuracy and produced a more consistent relaboth types of trials. The occurrence of these brief errors tionship between speed and accuracy. therefore did not substantially impede the ability of the Our pursuit and saccade data were obtained from pursuit system to quickly match eye speed to target correctly performed trials (accuracy ‫)%001ف‬ and had speed. latencies of 179 and 197 ms, respectively (dashed vertical lines in Figures 5E and 5F ). These latencies were Discussion significantly different from each other (ANOVA F(1,9769) ϭ 725.56, p Ͻ 0.001). Applying the criterion-based rule, we
We have shown that buildup neurons in the rostral SC exhibit a preference for stimuli that will be the target of could match the timing of these choices by using deci-to the population activity. These predictions involved criteria at different locations along the speed-accuracy tradeoff, suggesting that the activity of these neurons was read out in different ways for the two types of eye movements. This result could explain why pursuit and saccades appear to be coordinated but not strictly yoked-the two responses might be correlated because of their use of common pools of neurons, but also decorrelated because of their use of different decision criteria. In particular, the lower decision criterion for pursuit provides a possible explanation for the observation that pursuit latencies are typically shorter than saccade latencies (Leigh and Zee, 1999).
As an alternative explanation, it might be argued that moving stimuli are inherently more salient than stationary stimuli. The shorter latency for pursuit might therefore be due to the higher activity associated with moving stimuli, rather than to the use of a lower criterion. Some of the neurons we studied did, in fact, exhibit higher activity for target stimuli during pursuit than during saccades (e.g., Figure 1 ). However, across the population, the preference for target stimuli during pursuit was smaller than that observed during saccades. Consequently, if the neurons we studied contribute to the pursuit choice, differences in their responses to moving Our results suggest that saccade choices emphasize movement speed and accuracy. These changes in activaccuracy, whereas pursuit choices place a somewhat ity likely reflect the integration of inputs from the bevy greater emphasis on speed. Consistent with this inferof cortical and subcortical regions that project to the ence, our pursuit trials included a small number of errors, SC and that are known to be involved in the perceptual whereas all of the saccade trials were performed cordiscrimination of visual stimuli and the formation of eye rectly. We necessarily restricted our analysis to trials on movement decisions (Ferrera and Lisberger, 1997; Gottwhich the monkey followed the target stimulus without lieb et al. ., 1995) . The dynamics of the changes probaodological constraint, we found that pursuit sometimes bly also depend on the competitive interactions that initially followed the wrong stimulus before reversing take place directly within the circuitry of the SC (Munoz direction (Figure 6 ), as would be expected if its choice and Istvan, 1998).
were based on a lower criterion than that applied by the We were able to predict the monkey's pursuit and saccadic system. Taking these brief errors into account, the observed accuracy of pursuit (96%) was very similar saccade decisions by applying a simple decision rule in which a fixated target is briefly extinguished. We selected neurons to that predicted by applying a decision rule to the popu- . For the purposes of our study, the diffusion model that have been described previously (Krauzlis et al., 2000) . The neuwas more appropriate, because it uses increments and decrement rons we studied were located in the intermediate layers of the supein activity to predict correct and incorrect decisions, and could rior colliculus (1.0-3.5 mm below the surface), and electrode tracks therefore be directly applied to our measurements. were guided by structural MRI images. In addition to mapping of To identify pursuit trials with initial errors, we measured eye velocthe response fields using visually guided saccades, we also tested ity in two intervals: (1) a 200 ms baseline interval beginning 200 ms before the onset of the target and distractor stimuli, and (2) a 50 neurons using the fixation blink paradigm (Munoz and Wurtz, 1993), ms pursuit-initiation interval beginning 175 ms after the onset of the
